Introduction
============

Bone defects caused by trauma and disease represent a major clinical problem worldwide. Large bone defects fail to heal spontaneously and require implantation of biomaterial-based bone substitutes to achieve bone tissue regeneration [@B1]. Over the last several decades, numerous experiments have been performed to fabricate an ideal bone substitute material [@B2], [@B3]. Typical screening of such material involves *in vitro* and *in vivo* experiments to investigate biomaterial attributes, including biocompatibility and bioactivity. In addition, many strategies have been developed to optimize the material composition, 3D architecture and mechanical properties to improve its biological performance [@B1],[@B4]-[@B6]. However, more recently, increasing evidence has demonstrated that the host immune reaction following implantation of bone substitute material determines the success of bone regeneration [@B7], [@B8].

Inflammation is recognized as a crucial component of *in vivo* bone injury repair that influences the outcome [@B9]. The processes of bone repair are biologically associated with those of the host immune response, sharing a number of cytokines, receptors and signaling molecules [@B1], [@B7]. Accordingly, in recent studies, the host immune response against bone substitute material has been increasingly explored [@B8], [@B10]-[@B16]. These studies have primarily focused on changes in material properties affecting immune cells, such as surface topography [@B11], porosity [@B15] and release ions [@B8], [@B13]. However, material properties are not able to accurately modulate the material-host response due to its complex biological nature, and most of these studies have been performed as retrospective and passive observations of immune cell phenotypes associated with successful biomaterials [@B8], [@B16]. Consequently, recent studies have begun to evaluate improvements in regenerative outcomes after immunomodulation by cytokines delivered from the material [@B17]-[@B19]. However, the immunomodulation is a \'double-edged sword\', and different extents of immunomodulation lead down different paths. Research that accurately and proactively modulates the material-host response is required to further optimize the immunomodulatory strategy and may hold great promise in the context of advanced bone substitute material design.

Here, we envisioned a new strategy to accurately and proactively modulate the host immune response via cytokine delivery to improve bone substitute material-mediated osteogenesis and angiogenesis. Recently, macrophage-material interactions have received particular attention because macrophages are the central cell type in directing host inflammatory and immune processes. A spectrum of macrophage phenotypes contained between two extremes have been identified, ranging from pro-inflammatory (M1) to anti-inflammatory (M2) phenotypes, with significant implications in disease [@B20], wound healing [@B21], [@B22] and biomaterial performance [@B18]. The findings of studies in nearly all organ systems have demonstrated that re-establishment of the normal homeostatic state after wounding is often associated with the M2 macrophage profile [@B18], [@B19], [@B21].

In the present study, we accurately and proactively construct and optimize the inflammatory microenvironment via the classic M2-polarizing cytokine (IL-4) [@B23] and evaluate its potential in promoting material-mediated osteogenesis and the related angiogenesis. A decellularized bone matrix (DBM) material commonly utilized in bone repair was chosen as a model bone substitute material. First, post-operation of DBM material implantation into rat large cranial bone defects, four different IL-4 doses (0 ng, 10 ng, 50 ng and 100 ng) were delivered into the defect region, and the results demonstrated that accurate and proactive immunomodulation via 10 ng of IL-4 promoted neo-vascularization of the DBM and achieved nearly complete healing of the cranial defect at 12 weeks. Next, the M1/M2 macrophage polarization and local inflammatory microenvironment were evaluated. Finally, the potential effects of polarized macrophages on bone mesenchymal stem cell (BMSC) migration, survival, proliferation and osteogenic differentiation were examined.

Methods
=======

*In vivo* Defect Studies: Large cranial bone defect model
---------------------------------------------------------

To explore the effects of the accurate and proactive immunomodulatory strategy on material-mediated osteogenesis and angiogenesis, a rat large cranial bone defect model was constructs as previously described [@B24], [@B25]. DBM scaffolds prepared from porcine caput femoris as previously described [@B26], [@B27], were selected as the model material. Scaffolds (5 mm diameter and 1.5 mm in height) were separated based on dry weight, sterilized in 70% ethanol, rinsed and incubated in PBS before implantation. The biocompatibility of the DBM was evaluated via imaging of BMSCs seeded on the scaffolds after 7 days using scanning electron microscopy (SEM) (Figure [1](#F1){ref-type="fig"}A).

The study protocol was approved by the Ethics Committee of Shanghai Ninth People\'s Hospital Affiliated Shanghai Jiao Tong University School of Medicine and followed the National Institutes of Health Guide concerning the Care and Use of Laboratory Animals. Only 8-week-old male Sprague Dawley rats (180-200 g weight) were selected to avoid the known variables (estrogen and age) affecting bone formation. Briefly, rats were anesthetized via intraperitoneal pentobarbital injection. Then, a 2.0-cm sagittal incision was made in the middle of the scalp to expose the calvarium. The periosteum was deflected using a periosteal elevator, and a 5-mm size defect in the center region on each rat calvaria was created using a trephine that was constantly cooled with sterile saline. The dura mater was kept intact, as in craniosynostosis surgeries [@B28], [@B29]. After a thorough rinse with saline, the scaffold was implanted within the defect.

At day 3 post-operation, the animals were anesthetized, and 10, 50 or 100 ng IL-4 resuspended in 20 μL saline was injected through the skin directly over the scaffolds. The needle was kept in place for 30 s after the injection and then removed slowly. The same volume of vehicle alone was used as the control (0 ng). Daily injection of IL-4 was performed from day 3 to day 7. A schematic illustration of the process is shown in Figure [1](#F1){ref-type="fig"}A.

### Histological observation of the short-term inflammatory microenvironment

For examination of the dynamic infiltration of inflammatory cells, 8 rats from each group were sacrificed at 7 and 14 days post-surgery, and the scaffold and surrounding tissues were collected for subsequent histopathology and immunohistochemistry.

Immunohistochemistry and immunofluorescence
-------------------------------------------

Completely demineralized specimens were embedded in paraffin to prepare 5-μm-thick sections for immunohistochemistry. The sections were blocked with 5% bovine serum albumin (Millipore Sigma, St. Louis, MO, USA) and incubated with the following primary antibodies: anti-IL-10, anti-SSEA-4, anti-Runt-related transcription factor 2, anti-osteocalcin (OCN) (Abcam), anti-TNF-α (Affinity Biosciences, OH, USA) and anti-cleaved-Caspase 3 (Cell Signaling Technology, Danvers, MA, USA). The sections were then incubated with peroxidase-conjugated secondary antibody, visualized with 3,3-diaminobenzidine solution and counterstained with hematoxylin. Digitized images obtained from the stained sections (n = 6) were analyzed using Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA).

For immunofluorescence examination, the samples were embedded in OCT and frozen. Samples were sectioned into 6-μm slices and mounted onto slides for histological evaluation. Primary antibodies targeting CD68, CD206 and inducible nitric oxide synthase (iNOS) from Abcam (Cambridge, MA, USA) were used to assess the number, location and phenotypic profiles of macrophages. Secondary antibodies conjugated with fluorescent dyes (Jackson Immuno Research Laboratories, Inc.) were applied under light protection. The nuclei were counterstained with DAPI, and the stained sections were examined using confocal laser scanning microscopy.

Terminal deoxynucleotidyl transferase 2\'-deoxyuridine 5\'-triphosphate nick end labeling (TUNEL) assay
-------------------------------------------------------------------------------------------------------

For detection of apoptosis in the tissue surrounding the material, the sections were routinely deparaffinized and rehydrated. Proteinase K (20 μg/mL, diluted in Tris/HCl, pH = 7.4) was used for tissue repair at room temperature for 30 minutes. Sections were washed with PBS and incubated with TUNEL reaction mixture (Roche, German). Finally, the sections were washed with PBS and assessed using a fluorescence microscope.

### Evaluation of long-term osteogenesis and angiogenesis

At 6 and 12 weeks post-operation, the animals were euthanized, and the rat skulls were harvested and fixed in 4% PFA for osteogenesis and angiogenesis evaluation.

Micro-CT scanning and analysis
------------------------------

The samples were first assessed with a micro-CT scanner (μCT-80, Scanco Medical, Switzerland) in high-resolution scanning mode [@B24]. After the micro-CT scans, bone visualization was performed using 3D isosurface renderings. Micro-CT was used to determine the percentage of new bone volume relative to tissue volume (BV/TV) and the bone mineral density (BMD). To analyze vascularization of the defects, Microfil perfusion was used (n = 3 each group) at 12 weeks as previously described [@B25]. Briefly, the samples were extracted and nondecalcified skulls were first measured to identify cranial defects. After 4 weeks of decalcification in 10% EDTA, the samples were scanned by micro-CT again, and 3D images of blood vessels were reconstructed by setting the threshold at 140. Based on these results, the region of interest was identified, and analyses of vascular volume, connectivity and thickness were performed using the micro-CT software.

Double fluorescence labeling and Van Gieson staining
----------------------------------------------------

To further evaluate the rate of new bone formation, 4 rats from each group were injected with alizarin red (30 mg/kg; Millipore Sigma) and calcein (20 mg/kg; Millipore Sigma) at 6 and 9 weeks, respectively. The calvarias were harvested at 12 weeks, fixed in 10% formalin overnight, embedded in methyl methacrylate and sectioned through the sagittal plane to produce 50-μm-thick undecalcified sections. Unstained sections were examined using a fluorescence microscope. For each sample, images were acquired randomly (n = 6) for integrated optical density determination of alizarin red and calcein distribution.

After examination for double fluorescence labeling, the sections were then stained with Van Gieson stain to further quantify collagen formation in the defect region. Red particles (indicating collagen fibers) were considered positive. Digitized images obtained from the stained sections (n = 6) were randomly chosen and analyzed using Image-Pro Plus software.

Effects of macrophage phenotype on *in vitro* osteogenesis and angiogenesis
---------------------------------------------------------------------------

### Cell culture

Rat BMSCs were isolated and cultured based on protocols from previous studies [@B27], [@B30]. The murine-derived macrophage cell line RAW 264.7 (RAW) was used in this study. RAW cell cultures were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM, HyClone) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco) at 37°C in a humidified CO~2~ incubator. The growing cells were passaged at approximately 80% confluence by gentle scraping.

Preparation of polarized macrophages and conditioned media
----------------------------------------------------------

For induction of polarized macrophages, RAW cells were cultured in complete medium with the following cytokines: 100 ng/mL interferon-gamma (IFNγ, Peprotech, Rocky Hill, NJ, USA) and 100 ng/mL lipopolysaccharide (LPS, Sigma) for M1 induction for 24 h. The acquired M1 macrophages were then further treated with 40 ng/mL IL-4 (Peprotech) for 24 h to mimic the biological transition from M1 to M2 polarization. A small sample was obtained via gentle scraping for phenotype confirmation, and the remaining cells were cultured in serum-free DMEM after two washes with PBS. After 24 h of serum starvation, the conditioned medium was filter sterilized and frozen at -80°C until analysis or use (Figure [1](#F1){ref-type="fig"}B).

To ensure that certain subtypes were present, immunofluorescence staining with anti-CD206 and anti-iNOS antibodies (Abcam) and DAPI (Life Technology, Carlsbad, CA, USA) was performed. Furthermore, total RNA was harvested using TRIzol reagent to determine polarization-related gene expression (Table [S1](#SM0){ref-type="supplementary-material"}). The concentrations of inflammatory factors in the conditioned mediums (n = 4 each group) were examined with mouse TNF-α and IL-10 Quantikine ELISA kits (ExCellBio, Shanghai, China) according to the manufacturer\'s instructions.

### Effects of conditioned media from RAW cells on *in vitro* chemotaxis stimulation of BMSCs

BMSCs were placed in the upper chamber of Transwell^®^ inserts. Different culture media were placed in the lower chamber according to the following group designation: Control \[Ctrl\]-DMEM; M0, M1 and M2 group-DMEM previously conditioned with M0, M1 and M2 macrophages, respectively. The migrated cells were stained with DAPI and counted after 6 and 12 h. Experiments were conducted in sextuplicate.

Western blotting
----------------

To examine the major factors involved in chemotaxis stimulation, the protein levels of stromal cell-derived factor-1 (SDF-1) and VEGF in polarized macrophages were measured using western blot analysis. Briefly, protein (50 μg) from each specimen was loaded onto a 15% polyacrylamide gel-plate, and the proteins were transferred to a polyvinylidene difluoride membrane (Millipore Sigma) after electrophoresis. The membrane was blocked with 5% nonfat milk and incubated with anti-SDF-1α (Cell Signaling Technology) and anti-VEGFα antibodies (Abcam) overnight. After incubation with a chemiluminescence reagent (Thermo, USA), visualization of the protein bands was performed via exposure to Kodak X-ray films [@B25]. Positive immunoreactive bands were quantified densitometrically, and the results were normalized to GAPDH expression.

### Effects of conditioned media from RAW cells on *in vitro* cell apoptosis and proliferation

Cells were stained using an apoptosis detection kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer\'s instructions [@B31]. Briefly, BMSCs were harvested after cultured with different conditioned media or culture medium (Ctrl) supplemented with 10% FBS for 3 days. The BMSCs were then resuspended in 1× annexin-binding buffer (100 μL) and incubated with 1 μL propidium iodide (PI, 100 μg/mL) and 5 μL Annexin V for 30 min in the dark and analyzed via flow cytometry.

Cell proliferation was monitored using Cell Counting Kit-8 (CCK-8) (n = 6). Briefly, BMSCs were seeded in 96-well plates at a density of 3×10^3^ cells/well and cultured in conditioned media or control medium supplemented with 10% FBS for 1, 3, 5 and 7 days.

### Effects of conditioned media from RAW cells on *in vitro* osteogenic differentiation

BMSCs were plated at a density of 5×10^3^ cells/cm^2^. After 24 h of incubation, the culture medium was removed and replaced by conditioned or control medium with osteogenic supplements \[10 mM β-glycerophosphate, 50 μM L-ascorbic acid 2-phosphate, 100 nM dexamethasone\]. At day 7 after osteogenic induction, the cells were fixed for alkaline phosphatase (ALP) staining and subsequent imaging evaluation using an HP Scanjet G3110 Photo Scanner. ALP activity after 7 and 14 days of culture was quantified using a QuantiChromTM Alkaline Phosphatase Assay Kit (BioAssay Systems, CA, USA), and the total protein content was assessed with a BCA Protein Assay Kit (Thermo Scientific). At day 14 after osteogenic induction, cells were fixed for Alizarin Red (AR) and DAPI staining and immunofluorescence staining with anti-OCN and anti-Runx-2 antibodies.

Total RNA was harvested after 7 and 14 days of culture to determine osteogenesis-related genes expression \[ALP, collagen I (COL1), osteopontin (OPN), RUNX2, bone morphogenetic protein-2 (BMP-2) and OCN\].

### *In vitro* sprout formation analysis

Tube formation of human umbilical vein endothelial cells (HUVECs) was monitored as previously reported [@B32]. Briefly, 25 000 cells were added to each well containing 1 mL of conditioned mediums from (a) M0, (b) M1 and (c) M2 macrophages, with DMEM as the control. After incubation for 12 h in 24-well plates coated with Matrigel growth factor-reduced matrix solution (BD Biosciences, NJ, USA), images were captured under a microscope (Leica). The tubule length and number of segments and nodes in 6 randomly chosen fields were quantified as previously described using the Angiogenesis Analyzer macro in ImageJ [@B21].

Statistical analysis
--------------------

The data are presented as the mean ± SEM. Statistical analysis was performed in GraphPad Prism 5.0 software using one-way ANOVA with post hoc Tukey multiple comparison tests to examine the effects of various IL-4 doses on the parameters investigated. The mean of each column with the mean of every other column were compare. p \< 0.05 was considered significant.

Results
=======

Evaluation of *in situ* bone and vascular regeneration promoted by accurate and proactive immunomodulation via IL-4
-------------------------------------------------------------------------------------------------------------------

We used a cranial bone defect model to explore the potential of an accurate and proactive immunomodulatory strategy in advanced bone substitute material design. To confirm a role of the accurate and proactive immunomodulatory strategy in improving bone substitute material-mediated osteogenesis and angiogenesis, DBM material commonly utilized in bone repair was chosen as a model bone substitute material. IL-4 (10 ng, 50 ng or 100 ng) was administrated via local injection post-implantation of DBM, with DBM without IL-4 administration (0 ng) as a control. At 6 and 12 weeks post-operation, the skulls were collected to confirm the angiogenic and osteogenic effects of different extents of immunomodulation using micro-CT. Defects left untreated and without scaffolds are shown in Figure [S1](#SM0){ref-type="supplementary-material"}. Obviously, the contour of the defect could be easily identified at 12 weeks post-operation, confirming nonhealing of the 5-mm cranial defect within the experiment period. As expected, 6 weeks after DBM implantation (0 ng IL-4), apparent new bone tissue was formed from the margins of the defect. Of note, significant increases in newly formed bone tissue were observed in both the10 ng and 50 ng groups when compared with the 0 ng group. At 12 weeks after surgery, the defects were completely filled with new bone in the 10 ng group (Figure [2](#F2){ref-type="fig"}A). This was further confirmed by quantitative analyses, in which the 10 ng group had the highest BV/TV value (1.23-5.05 fold, p \< 0.05) as well as the highest BMD (1.33-3.79 fold, p \< 0.05) compared with the other groups (Figure [2](#F2){ref-type="fig"}B-C). Conversely, the 100 ng group exhibited the least newly formed bone tissue, and bone-like tissues sporadically crept from the ends of the bone defects.

Angiography was performed at 12 weeks after surgery to evaluate the extent of angiogenesis. The vascular network and connections were more readily identified in the 10 ng and 50 ng groups, and these values were significantly increased in the 10 ng group compared with the 50 ng group (Figure [2](#F2){ref-type="fig"}D). The 10 ng group exhibited increased vascular volume (1.29-6.08 fold), connectivity (1.46-7.17 fold) and vascular thickness (1.3-3.42 fold) compared with the other groups (p \< 0.05) (Figure [2](#F2){ref-type="fig"}E-G).

Histological assessment of new bone regeneration patterns
---------------------------------------------------------

H&E and Masson\'s trichrome staining were used to further evaluate the bone regeneration patterns within the DBM scaffolds at week 12 (Figure [3](#F3){ref-type="fig"}A, B). Different bone tissue regeneration patterns were observed after administration of different doses of IL-4. The 0 ng group showed a bone tissue in-growth pattern from the peripheral region, while the 10 ng and 50 ng groups displayed a bone tissue in-growth pattern from the peripheral region and an *in situ* bone island formation pattern in the central region. In the 10 ng group, the majority of the defect region was filled with new bone that was integrated with the scaffolds, and consisted of both immature and mature bone, as noted with Masson\'s trichrome staining. In contrast, in the 100 ng group, the defects were filled with loose connective fibrous tissues surrounding the minimal newly formed bone.

Double fluorescence labeling showed similar results (Figure [3](#F3){ref-type="fig"}C). The integrated optical density of areas labeled with calcein and alizarin red was observed in the following order: 10 ng group \> 50 ng group \> 0 ng group \> 100 ng group (p \< 0.05) (Figure [3](#F3){ref-type="fig"}D). In addition, enhanced bone regeneration in the 10 ng group was observed with Van Gieson staining (Figure [3](#F3){ref-type="fig"}E). The 10 ng (31.67 ± 2.65%) and 50 ng (22.33 ± 1.52%) groups exhibited larger new bone area with better osteointegration compared with the 0 ng (10.9 ± 1.1%) and 100 ng (7.2 ± 0.72%) groups (Figure [3](#F3){ref-type="fig"}F).

Study of the early-stage host response and macrophage polarization with different IL-4 doses
--------------------------------------------------------------------------------------------

THE DBM and surrounding tissues at days 7 and 14 post-implantation were then harvested to study the local inflammatory responses and macrophage polarization. The histologic appearance of tissue from rats implanted with the DBM was characteristic of a transient inflammatory response, including significant inflammatory cell infiltration at 7 days. Although the cell density appeared higher in the 0 ng group, this reaction was largely resolved within 14 days in all the groups, regardless of IL-4 addition (Figure [4](#F4){ref-type="fig"}A).

Immunolabeling of CD68 (pan macrophage marker), iNOS (an M1 marker) and CD206 (an M2 marker) was performed to further identify the number, location and phenotypic profiles of macrophages around the scaffolds. The results revealed marked differences in the macrophage responses at day 7 and 14 post-implantation after the administration of different IL-4 doses. DBM scaffolds without IL-4 were found to be relatively "inert", and the M2 (CD68^+^ CD206^+^) macrophages stayed at similar level from 7 days to 14 days. As expected, local administration of IL-4 effectively polarized the macrophages toward the M2 phenotype in a dose-dependent manner. Increased numbers of M2 macrophages were noted in the IL-4-treated groups compared with the controls at 7 and 14 days after surgery (Figure [4](#F4){ref-type="fig"}B-C). Furthermore, the analysis of M1(CD68^+^ iNOS^+^) macrophages revealed an overall reduction from day 7 to day 14 in all groups, indicating the good biocompatibility of the DBM. However, with the addition of IL-4, a reduction in the M1 macrophage number was observed in the 10 ng and 50 ng groups compared with the 0 ng group. Of note, although M1 macrophage infiltration was reduced in the 100 ng group at 7 days, a prolonged M1 polarization phase was observed at 14 days (Figure [4](#F4){ref-type="fig"}D-E).

Evaluation of the local inflammatory patterns after accurate and proactive immunomodulation via IL-4
----------------------------------------------------------------------------------------------------

TNF-α is primarily generated by M1 macrophages [@B22], [@B33], whereas IL-10 is secreted by M2 macrophages and displays potent anti-inflammatory properties [@B20]. Accordingly, TNF-α and IL-10 expression in the DBM and surrounding tissues was examined to further investigate the effect of IL-4 on inflammatory mediators. Consistent with the previous macrophage co-immunolabeling results, a low level of IL-10 and high level of TNF-α was detected in the 0 ng control group at 7 days. After the addition of IL-4, immunohistochemistry revealed that the secretion of IL-10 was increased (Figure [5](#F5){ref-type="fig"}A). However, the secretion of TNF-α at 7 and 14 days was decreased after the addition of 10 ng and 50 ng IL-4 compared with the 0 ng control (Figure [5](#F5){ref-type="fig"}B).

A TUNEL assay was used to verify the influence of macrophage polarization on *in situ* tissue apoptosis, which is an important manifestation of the foreign body response [@B34], [@B35]. A recent study showed that IL-4 induced an anti-inflammatory and tissue repair program only when combined with apoptotic cells [@B36]. A relatively low level of apoptosis was observed at 7 and 14 days after implantation, regardless of IL-4 addition. Importantly, our results revealed that low doses IL-4 (10 and 50 ng) reduced tissue apoptosis at day 7 when compared with the 0 ng control, and apoptotic debris was completely cleared at day 14 (Figure [5](#F5){ref-type="fig"}C). This effect was not observed in the 100 ng group. Although the tissue apoptosis level was relatively low in the 100 ng group at day 7, the TUNEL results revealed prolonged tissue apoptosis in the 100 ng group, and clearance of apoptotic debris was not apparent at day 14. In addition, the expression of cleaved-Caspase 3 in tissue sections was detected by immunohistochemistry staining (Figure [5](#F5){ref-type="fig"}D), and the results were consistent with the TUNEL assay results.

Evaluation of early-stage stem cell migration and osteogenic differentiation after accurate and proactive immunomodulation via IL-4
-----------------------------------------------------------------------------------------------------------------------------------

To further verify the effect of accurate and proactive immunomodulation in promoting bone regeneration, immunohistochemical staining for SSEA-4 was performed 7 days after surgery to identify mesenchymal stem cells (MSCs) that had migrated to the defect [@B37], [@B38]. The DBM scaffolds loaded with 10 ng IL-4 attracted more MSCs (SSEA-4-positive cells) than the other three groups (Figure [6](#F6){ref-type="fig"}A, B). Consistent with the bone regeneration outcome, the number of SSEA-4-positive cells in the 100 ng group was lower than that in the other three study groups. Furthermore, the expression of the osteogenic transcription factor Runx2 and osteogenic marker OCN (indicators of cell commitment to an osteogenic lineage) was far more abundant in the 10 ng group than in the 0 and 100 ng groups 14 days after surgery (Figure [6](#F6){ref-type="fig"}C-F). These results indicated that accurate and proactive immunomodulation post-implantation of DBM could effectively enhanced stem cell migration and osteogenic differentiation.

Derivation and characteristics of M1 and M2 polarized macrophages *in vitro*
----------------------------------------------------------------------------

Potential communication events between polarized macrophages and osteogenesis and angiogenesis pathways were further examined using conditioned media from polarized RAW cells. Immunofluorescence staining was first used to confirm the markers used as robust indicators of macrophage phenotypes. iNOS was expressed more strongly in M1 macrophages, and CD206 was expressed in M2 phenotype (Figure [7](#F7){ref-type="fig"}A). Gene expression analysis further revealed that the M1 markers TNF-α, IL-1β and IL-6 were highest in IFNγ- and LPS-induced macrophages and the M2 markers CD206, resistin-like molecule alpha (Retnl-α) and arginase-1 (Arg-1) were highest in IL-4-induced macrophages (Figure [7](#F7){ref-type="fig"}B). The cytokine secretion characteristics of polarized macrophages were subsequently investigated. Expression of the pro-inflammation factor TNF-α was significantly increased in M1 macrophage medium, while the anti-inflammation factor IL-10 was increased in M2 macrophage medium (Figure [7](#F7){ref-type="fig"}C), confirming their polarization.

Effects of polarized macrophages on BMSC migration, proliferation and osteogenic differentiation *in vitro*
-----------------------------------------------------------------------------------------------------------

Next, we investigated the role of different macrophage phenotypes in promoting migration, proliferation and osteogenic differentiation of BMSCs. We first evaluated the effect of different RAW-conditioned media on the cell migration and proliferation characteristics of BMSCs. BMSC migration increased significantly in the presence of culture medium from M1 macrophages (1.51-5.1 fold, p \< 0.05) compared with that from the other groups (Figure [8](#F8){ref-type="fig"}A, B). The expression of SDF-1, which has been reported to induce cell migration, was also evaluated in the polarized macrophages (Figure [8](#F8){ref-type="fig"}C, D, F). Consist with the migration results, the SDF-1 expression level was significantly elevated in the M1 macrophages.

The effects of conditioned medium from different macrophage phenotypes on the viability and proliferation characteristics of BMSCs were then examined. BMSC apoptosis was detected with Annexin V-FITC/propidium iodide double staining, and typical figures for the flow cytometric analyses are presented in Figure [8](#F8){ref-type="fig"}H. More apoptotic cells were observed after culture with M1-conditioned medium than after culture with control medium, while the apoptotic rate in the M2 group (14.9 ± 0.71%) was significantly reduced compared with that in the M1 group (23.1 ± 0.85%, p \< 0.05) (Figure [8](#F8){ref-type="fig"}I). Western blotting results further revealed that the M2 phenotype medium significantly reduced cleaved-Caspase-3 activation after 3 days of culture (Figure [8](#F8){ref-type="fig"}J, K). Cell proliferation during 7 days of incubation was assessed using a CCK8 assay. No significant differences were noted between the groups at day 1 (p \> 0.05) (Figure [8](#F8){ref-type="fig"}L). At day 3, cell viability was statistically increased in the M2 group compared with the M0 and the M1 groups, and this difference became more obvious after 7 days of culturing. These results indicated that IL-4-induced M2 macrophages were beneficial for the viability and proliferation of BMSCs (p \< 0.05).

BMSC osteogenic differentiation was induced by culturing the cells in different conditioned media with osteogenic supplements. ALP staining at 7 days and AR staining and immunofluorescence staining of OCN and Runx-2 at 14 days indicated that M2 macrophages were beneficial for BMSC osteogenesis, whereas M1 macrophages clearly inhibited osteogenic differentiation (Figure [9](#F9){ref-type="fig"}A). Moreover, the quantitative data for ALP activity and AR staining presented in Figure [9](#F9){ref-type="fig"}B agree with these effects of the macrophage subsets on BMSC osteogenesis. Consistent with these results, osteoblast marker genes, including ALP, COL1, OPN, RUNX2, BMP-2 and OCN were examined at 7 and 14 days. The transcription of osteoblast marker genes was prominently increased by M2 type macrophages, whereas M1 type macrophages demonstrated the opposite results (p \< 0.05) (Figure [9](#F9){ref-type="fig"}C). Since previous studies have reported that inflammatory cytokines influence BMSC osteogenic differentiation [@B39], we also evaluated whether IL-4 has a direct effect on the osteogenic ability of BMSCs. We treated BMSC monocultures with IL-4 after seeding, and observed no significant differences in AR staining between BMSCs cultured with or without IL-4 in either growth medium or osteogenic induction medium (Figure [S2](#SM0){ref-type="supplementary-material"}).

We then sought to elucidate potential cytokines responsible for the increased osteogenic differentiation observed after cultured with conditioned medium from M2 macrophages. Since TGF-β and BMP signaling have widely recognized roles in osteogenic differentiation and bone formation, secretion of the cytokines BMP-2 and TGF-β1 by polarized macrophages was investigated. ELISA analysis of the conditioned mediums showed that the concentration of the osteogenic factors BMP-2 and TGF-β1 were significantly increased in condition medium from M2 macrophages compared with that from M0 or M1 macrophages (p \< 0.05) (Figure [9](#F9){ref-type="fig"}D-E).

Taken together, our observations suggest that conditioned medium from M1 macrophages facilitates BMSC migration, while conditioned medium from M2 macrophages significantly increases BMSC viability, proliferation and differentiation.

Effect of polarized macrophages on *in vitro* angiogenesis
----------------------------------------------------------

To assess the functional role of macrophage-secreted factors in angiogenesis, an *in vitro* sprouting assay was performed. HUVECs organized into networks with significantly more sprouts and greater total length in conditioned medium from M2 macrophages than in medium from M1 macrophages (Figure [10](#F10){ref-type="fig"}). The trends in sprouting mirrored the macrophage secretion profiles of VEGF investigated by western blot and ELISA (Figure [8](#F8){ref-type="fig"}C, G).

Discussion and Conclusions
==========================

Recently, biomaterial-immune system interactions have been recognized as a crucial factor that influences material-mediated tissue regeneration [@B10], [@B16], [@B40]. In this study, we successfully developed a new strategy to accurately and proactively create a desirable host immune response via the addition of IL-4 (the M2 macrophage polarization cytokine), which enhanced bone substitute material-mediated healing and regeneration. The present study provided evidence from both *in vivo* and *in vitro* findings regarding the potential profound influence of immunomodulation patterns on the osteogenesis and angiogenesis patterns during bone defect healing (Figure [11](#F11){ref-type="fig"}). It has been demonstrated that accurate immunomodulation is a prerequisite for promoting material-mediated rapid and homogeneous vascularization and osteogenesis and likely holds great promise in the context of bone substitute material design.

To explore the effect of an accurate and proactive immunomodulatory strategy on bone substitute material-mediated bone regeneration, DBM was chosen as the model material, and the bioactive factors in DBM, such as BMP-2 and TGF-β, were destroyed to eliminate its inherent osteoinductive effects. Given that inflammation is a crucial factor influencing regeneration, we envisioned a new strategy to proactively and accurately optimize the host inflammatory microenvironment after DBM implantation, and successfully treated a large bone defect with bone-like tissue that integrated into the defect.

Acute inflammation is the first stage of tissue healing [@B41], and anti-inflammatory strategies during this stage are often associated with delayed healing [@B42]-[@B45]. M1 macrophages have traditionally been regarded as professional phagocytes that clear debris and bacterial pathogens [@B46]. Evidence is emerging to support a broader role of M1 macrophages in orchestrating the downstream inflammatory cascade [@B47]. Therefore, the timing of the local delivery of IL-4 was delayed to 3 days post-implantation, when, which is the time in normal bone healing at which the inflammatory cytokines levels start to decline [@B48], [@B49]. Daily injection of IL-4 was performed from day 3 to day 7, since it was reported that sustained delivery of anti-inflammatory agents is beneficial for injury tissue repair [@B1], [@B18]. Furthermore, how to accurately modulate the host immune response is another important issue. Although recent studies support the notion that that macrophage polarization into the M2 phenotype is beneficial for bone formation [@B17], excessive M2 type polarization has also been reported to induce pro-fibrotic effects and promote macrophages fusion into foreign body giant cells *in vitro* and *in vivo* [@B50], [@B51]. Consequently, four different doses (0, 10, 50 and 100 ng) of IL-4, the M2-polarizing cytokine, were used to accurately modulate the host inflammatory microenvironment. We hypothesized that the accurate and proactive promotion of the anti-inflammatory response after acute inflammation would further optimize the immunomodulatory effect and enhance the bone substitute material-mediated osteogenesis and related angiogenesis.

The bone defect regeneration processes in cranial bone defect were investigated in our study. However, different bone regeneration and angiogenesis patterns were observed via micro-CT and histological analyses after treatment with different doses of IL-4. In the 10 ng group, the defects were completely bridged with bone-like tissue. In the 50 ng group, newly formed bone-like tissue bridged both ends of the bone defects, but the number of bone formation islands inside the scaffold center was less than that in the 10 ng group, followed by the 0 ng group, and the least bone formation was found in the 100 ng group. Bone formation islands in the 100 ng group sporadically creeped from both ends of the bone defect. The difference in bone regeneration patterns was closely correlated with the different angiogenic patterns, especially the spatial distribution of the vascular networks. The 10 ng group exhibited significantly more vascular network formation than the other groups both in the central and peripheral regions. This finding was likely observed because the osteogenic and angiogenic processes are highly interdependent during bone defect repair [@B6]. Immunomodulation properties were subsequently compared among the groups treated with different IL-4 doses via immunofluorescence and immunohistochemistry analyses. The lower number of M2 macrophages surrounding the 0 ng group defects suggests their involvement in the limited bone regeneration induced by the DBM scaffold alone. Importantly, accurate and proactive immunomodulation with low-dose IL-4 (10 ng) outperformed the other groups in neo-vascularization and osteogenesis. The 10 ng group generated more bone tissue than the other groups, achieved successful bridging of defects and exhibited infiltration of the defect by a substantial number of blood vessels. However, the primarily M2 response (100 ng) led to chronic inflammation and the formation of fibrous tissue around the material compared with the control. Thus, this study further confirmed that the osteogenic and angiogenic processes are intimately linked with the inflammatory response during bone defect treatment [@B19], [@B22] and accurate and proactive immunomodulation is pivotal for the development of a suitable bone substitute material.

Previous gain and loss studies confirmed the crucial role of macrophages in directing host inflammatory and immune processes after injury [@B52]-[@B54]. When IL-4 was not added, the number of M1 macrophages in tissues around the DBM scaffold decreased from 7 days to 14 days, indicating the good biocompatibility of DBM. However, tradition bone substitute materials are relatively "inert" and do not have immunomodulatory properties [@B1], and the number of M2 macrophages around the DBM scaffold (in the absence of IL-4 treatment) stayed at a low level during this time frame. With the addition of specific dose of IL-4 (10 ng), a preferable anti-inflammatory and pro-healing microenvironment was created, and the bone regeneration in cranial defects was improved. Proper M2 response at the biomaterial interface via low-dose IL-4 could favor anti-inflammatory conditions with increased secretion of IL-10 and reduced TNF-α expression in tissues around the material [@B36]. Our results also revealed that apoptotic cells were rapidly cleared within 2 weeks when the inflammatory microenvironment was accurately modulated. These finding are important manifestation of the resolution of inflammation [@B34], resulting in improved osteointegration and osteogenesis at 12 weeks post-implantation. Conversely, high-dose IL-4 (100 ng), which induced high expression of M2 macrophage markers, led to fibrosis formation. This finding may be due to disruption of the M1/M2 balance. These results are consistent with previous findings showing that IL-4 is required for *in vitro* foreign body giant cell formation [@B50], and undue M2 polarization would result in fibrosis formation [@B51]. Additionally, a reduction in M1 polarization was revealed after IL-4 delivery. Hachim et al. [@B18] also reported an increase in M2 macrophages accompanied by a reduction in M1 macrophages with IL-4-loaded polypropylene meshes. Disruption of the M1/M2 balance may account for the delayed tissue inflammation and apoptosis observed after 14 days, resulting in impaired bone regeneration. Taken together, the collective data from the present study suggest that bone regeneration is closely related to immunomodulation patterns, and if the M1/M2 balance is pushed excessively toward either M1 or M2, then vascularization and bone regeneration cannot be achieved.

Bone formation occurs through a process of cell migration, proliferation and maturation [@B55]. In response to chemoattractant factors, stem cells and endothelial progenitor cells are recruited by direct migration from their local niches, and then the recruited cells proliferate and develop into mature bone tissues and vessels, respectively [@B56]. The present study provided evidence from findings both *in vivo* and *in vitro* for a contribution of coordinated M1 and M2 polarization to the robust promotion of bone formation. MSCs from the neighboring tissue rapidly migrated into the scaffolds and differentiated into an osteogenic lineage to fill the defects after accurate and proactive immunomodulation. M1 macrophages are known to secrete factors that are well-described to initiate the process of migration, including SDF-1, while M2 macrophages secrete factors known to be involved in promoting *in vitro* osteogenesis and angiogenesis at later stages, along with the liberation of cytokines, including BMP-2, BMP-4, VEGF and TGF-β1 [@B1], [@B57]. It is reported that the sequential release of SDF-1 and BMP-2 from biomaterial scaffolds enhances bone regeneration [@B58], suggesting that coordinated activation of M1 and M2 macrophages, which secrete these two factors, would be beneficial. Here, we demonstrated that IL-4 induced macrophage polarization into an M2 type and had no direct effect on the osteogenic ability of BMSCs. The present study and previous studies [@B59], [@B60] show that the presence of M2 macrophages influences the effect of IL-4 and thereby enhances the osteogenic differentiation of BMSCs. These results may appear to be contradictory to those observing that increased osteogenesis can be induced with M1 macrophages [@B48], [@B60]. This may be attributed to the fact that the dynamic bi-directional cellular interactions between BMSCs and macrophages were ignored in these studies, which used a direct coculture system. After all, BMSCs can also promote macrophage differentiation toward an M2-like phenotype [@B61], [@B62]. Therefore, in this study the effects of macrophage type on the migration, proliferation and maturation of BMSCs were investigated through an indirect co-culture model using conditioned media. Specifically, the present study demonstrated that M1 macrophages significantly promoted BMSC migration and M2 polarization showed stimulatory effects on BMSC proliferation and osteogenesis.

Despite these encouraging results, translating this accurate and proactive immunomodulatory strategy into a biomaterial design has to be pursued in further studies. Although the calvarial bone regeneration outcome provides evidence that sustained administration of 10 ng of IL-4 via local injection is effective for *in vivo* use, further work should investigate how to endow bone substitute materials with the ability to accurately and proactively release IL-4 directly from the biomaterial.

In summary, as a proof-of-concept experiment, we used four different doses of IL-4 to proactively explore the effects of accurate immunomodulation on bone substitute material-based bone regeneration. As expected, our *in vivo* data demonstrated that proper delivery of IL-4 can generate the most preferable M1/M2 macrophage profile, resulting in a pro-healing microenvironment coupled with enhanced downstream osteogenesis and angiogenesis. Moreover, *in vitro* data suggest that the coordinated involvement of M1 (chemotactic effects) and M2 (mitogenic and morphogenic effects) macrophages promotes bone osteogenesis, explaining the *in vivo* findings. With the help of drug delivery systems, this accurate and proactive immunomodulatory strategy holds great promise for construct clinically effective bone substitute material with accurate and sustained delivery of IL-4.
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![Schematic diagrams of the experimental design and protocol. (A) Experimental design of the *in vivo* evaluation of the accurate and proactive immunomodulatory strategy for material-based rat cranial bone defect repair. DBM material was characterized by SEM imaging and demonstrated outstanding cellular adhesion of BMSCs to scaffolds. (B) The angiogenic and osteogenic effects of macrophage phenotypes were assessed indirectly by co-culturing BMSCs and HUVECs with conditioned media from polarized macrophages.](thnov08p5482g001){#F1}

![Effects of accurate and proactive immunomodulation via IL-4 on DBM-mediated osteogenesis and angiogenesis in large cranial bone defects. Four doses of IL-4 (0 ng, 10 ng, 50 ng and 100 ng) were used. (A) 3D and coronal micro-CT images of the cranial bone defects at 6 and 12 weeks showing the best defect healing outcome, with complete defect bridging at 12 weeks, in the 10 ng group. This was followed by the 50 ng and 0 ng group, with partial defect bridging; the 100 ng group exhibited non-union healing. Bar = 1 mm. (B) Ratio of bone volume/total volume (BV/TV) and (C) bone mineral density (BMD) showing that the 10 ng group had the highest amount of bone tissue. (D) Micro-CT angiography. The blood vessels were perfused with Microfil. Yellow circles indicate bone defect regions. Bar = 1 mm. (E-G) Summary of micro-CT angiography results. Bar charts showed that the (E) volume of newly-formed vasculature, (F) microvessel connectivity and (G) vascular thickness were greater in the 10 ng group, indicating the most vascular development, compared with the other groups. For all charts, the groups designated by different uppercase letters or lowercase letters were significantly different (p \< 0.05).](thnov08p5482g002){#F2}

![Histological evaluation of DBM regenerated bone tissue at 12 weeks after accurate and proactive immunomodulation via four different doses of IL-4 (0 ng, 10 ng, 50 ng and 100 ng). (A) H&E and (B) Masson\'s trichrome staining further confirmed the micro-CT findings that the 0 ng group exhibited a bone tissue in-growth pattern from peripheral region, while the 10 ng and 50 ng groups showed a bone tissue in-growth pattern from the peripheral region and an in-situ bone island formation pattern in the central region. However, the 100 ng group exhibited non-union healing, and the defects were filled with loose connective fibrous tissues surrounding the minimal new bone formation. Bar = 500 μm. (C) Fluorescent images of newly formed bone double-labeled with calcein (green) and alizarin red (red). Bar = 100 μm. (D) Summary of fluorescence labeling. (E) Van Gieson staining for new bone formation (red particles). Bar = 500 μm. (F) Summary of Van Gieson staining results. For all charts, the groups designated by different uppercase letters or lowercase letters were significantly different (p \< 0.05).](thnov08p5482g003){#F3}

![The effect of local addition of IL-4 on early-stage host response and M1/M2 macrophage polarization. Four doses of IL-4 (0 ng, 10 ng, 50 ng and 100 ng) were used. (A) H&E stained tissue sections from the interface of the undegraded demineralized bone matrix (arrow) at 7 days (top panel) and 14 days (bottom panel). \* inflammatory cell infiltration; \# foreign body giant cells. (B, D) Fluorescence microscopy images of (B) CD68 (red) and CD206 (green) co-immunolabeling, and (D) CD68 (red) and iNOS (green) co-immunolabeling to assess the phenotypic profiles of macrophages; DAPI was used to stain the cell nuclei. (C, E) Summary analysis of (C) CD68^+^ CD206^+^and (E) CD68^+^ iNOS^+^ cells. For all charts, the groups designated by different uppercase letters or lowercase letters were significantly different (p \< 0.05).](thnov08p5482g004){#F4}

![Accurate and proactive immunomodulation via IL-4 induced an anti-inflammatory host response accompanied by a reduction in local tissue cell apoptosis at the early stage of DBM implantation. Four doses of IL-4 (0 ng, 10 ng, 50 ng and 100 ng) were used. (A-B) Immunohistochemistry assay of the DBM and surrounding tissues at 7 and 14 days for the secretion of (A) IL-10 and (B) TNF-α. (C) TUNEL assay to assess apoptosis in the tissue surrounding the material. Apoptotic cells exhibit green fluorescence. (D) Representative images and summary of immunohistochemical staining of cleaved-Caspase 3. Bar = 200 μm. For all charts, the groups designated by different uppercase letters or lowercase letters were significantly different (p \< 0.05).](thnov08p5482g005){#F5}

![Accurate and proactive immunomodulation via IL-4 enhanced MSC migration and osteogenic differentiation at the early stage of DBM implantation. (A) The expression of SSEA-4 in the defect area 7 days after surgery. Immunohistochemical images showing significantly more MSCs (SSEA-4^+^) in the 10 ng group than in the other three groups. (B) Quantitative analysis of the number of SSEA-4^+^ cells. (C-D) The expression of (C) Runx2 and (D) OCN in the defect area 14 days after surgery. Immunomodulation via 10 ng of IL4 performed the best in upregulating expression levels of the osteogenic markers Runx2 and OCN. (E-F) Quantitative analysis of (E) the number of Runx2^+^ cells and (F) the mean integral optical density of OCN expression. For all charts, the groups designated by different uppercase letters were significantly different (p \< 0.05).](thnov08p5482g006){#F6}

![Derivation and characteristics of macrophages. (A) The morphology of polarized macrophages and fluorescence immunolabeling results for an M1 marker (iNOS) and M2 marker (CD206). Bar = 10 μm. (B) Gene expression of some known markers of macrophage phenotypes. (C) ELISAs of the macrophage-conditioned media to examine the inflammatory and anti-inflammatory protein secretion levels. For all charts, the groups designated by different uppercase letters were significantly different (p \< 0.05).](thnov08p5482g007){#F7}

![Assessment of BMSC migration, apoptosis and proliferation after culture with conditioned media (CMs) from the polarized macrophages. (A) Images of migrated BMSCs exposed to different CMs from M0, M1 and M2 macrophages at 6 h and 12 h. Bar = 100 μm. (B) Summary of BMSC migration. (C) Western blotting of SDF-1 and VEGF secretion by different macrophage phenotypes. (D-E) Quantification analysis of the expression of (D)SDF-1 and (E)VEGF. (F-G) ELISAs of CMs secreted by different macrophage phenotypes to assess the secretion levels of (F) SDF-1 and (G) VEGF proteins. H. Representative images of BMSC apoptosis detected with Annexin V-FITC/propidium iodide at day 3 after culture with different CMs. (I) Summary of BMSC apoptosis. J. Western blot of cleaved-Caspase-3 activity. (K) Quantification analysis of the expression of cleaved-Caspase-3. (L) Cell proliferation after 1, 3, 5 and 7 days of incubation with different CMs was measured with CCK8 assays. For all charts, the groups designated by different uppercase letters or lowercase letters were significantly different (p \< 0.05).](thnov08p5482g008){#F8}

![The effect of different conditioned media (CMs) from polarized macrophages on osteogenic differentiation of BMSCs. (A) Images of ALP and AR staining and fluorescence immunolabeling of BMSCs after culture in CMs from M0, M1 and M2 macrophages when subjected to osteogenic supplements. Undiff: BMSCs cultured in standard medium only. Diff: osteogenic medium. Bar = 3 mm for entire plate views. Bar = 50 μm for fluorescence images. (B) Quantitative evaluation of ALP activity at day 7 and day 14 and quantification of the AR staining results at day 14. (C) Real-time qPCR analyses of ALP, COL1, OPN, RUNX2, BMP2 and OCN mRNA expression in BMSCs at day 7 and day 14. (D-E) ELISAs of CMs from M0, M1 and M2 macrophages to assess the levels of osteogenic (D) TGF-β1 and (E) BMP2 secretion. For all charts, the groups designated by different uppercase letters or lowercase letters were significantly different (p \< 0.05).](thnov08p5482g009){#F9}

![*In vitro* tube formation. (A) Tube formation of HUVECs exposed to control DMEM (Ctrl) or conditioned mediums from M0, M1 and M2 macrophages for 12 h. Bar = 100 μm. (B) Summary of tube formation. For all charts, the groups designated by different uppercase letters were significantly different (p \< 0.05).](thnov08p5482g010){#F10}

![Schematic of how accurate and proactive inflammatory modulation via IL-4 improved bone regeneration and angiogenesis. EPCs: endothelial progenitor cells; MSCs: mesenchymal stem cells.](thnov08p5482g011){#F11}
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